A new convection-penetration model for mass transfer of indicator ions to a gas-evolving electrode with forced convection of solution is described theoretically. It has been found that the mass transfer of indicator ions to a gas-evolving electrode can be described well by the new model. The contribution of an oxygen bubble departing from the electrode surface to the mass transfer is much greater than the contribution of a departing hydrogen bubble. temperature (K) volumetric gas production rate (m s -1) volumetric production rate of gas bubbles (m s -1 ) volumetric production rate of gas bubbles
Introduction
The mass transfer of indicator ions to a gasevolving electrode in natural convection has been thoroughly investigated and various mass transfer models are available [1] [2] [3] [4] [5] [6] . However, only a few empirical correlations [7, 8] are available to calculate the mass transfer coefficient for a gas-evolving electrode with forced convection of bulk solution. The main purpose of this study is to present a model to predict the mass transfer of indicator ions to a gas-evolving electrode with superposition of hydrodynamic flow of the solution. The proposed model is a modification of the coalescence model given by Janssen and van Stralen [4] .
Theory
The rate of mass transfer of indicator ions to a gas-evolving electrode is described by a new model in which only the detaching bubbles are taken into consideration. This means that the adhered bubbles have no influence upon the rate of mass transfer. The formation, growth and detachment of a bubble on a site of the electrode surface requires a time t d. On the same site this phenomenon is constantly repeated. When a bubble departs from a site on the electrode surface it is assumed that an electrode surface area adA d comes into contact with fresh bulk electrolyte having a bulk concentration of indicator ions, el, where A d is the cross-section of a detached bubble and ad is a constant factor. To calculate the mass transfer coefficient the following additional simplifi- the radius, the cross-section and the volume of all detached bubbles are constant, the distribution of the bubble-departure sites across the electrode surface is uniform, the bubble cycle time, ta, is equal for all electrode sites, the detaching and rising bubbles induce no solution flow except the flow necessary for refreshment of solution at the electrode surface, no effect of migration of indicator ions is considered.
From the rate of volumetric gas bubble formation per unit surface area, Vg, b , and the volume V d of a detached bubble it follows that the number of detached bubbles per unit surface area and time is given by
Since the density of sites from which bubbles depart, d, is equal to Ntd, the fraction of electrode surface coming into contact with fresh bulk electrolyte in a period t d is given by
First, the effect of forced convection on the mass transfer coefficient is discussed separately for a bubble-free surface and then an electrode surface from which bubbles detach is treated. For a bubble-free electrode surface under forced convection the mass transfer coefficient is given by k~, i. Consequently, for the fraction 1 --s of the electrode surface not in contact with fresh bulk electrolyte the mass transfer coefficient is equal to kLi. For the fraction s of electrode surface in contact with fresh bulk solution, the calculation of the average mass transfer coefficient is complicated. During the bubble cycle the mass transfer coefficient directly after bubble detachment is greater than kf, i and becomes equal to kf, i after a certain time h.
The solution in the diffusion layer is regarded as convectionless. From the well-known Cotrell relation it follows that for semi-infinite linear diffusion the mass transfer coefficient, k[, is given by
Since k' i at tl is also equal to kf, i, it can be shown that
The bubble cycle time td is divided into two parts, namely, tl and td --tl. For the fraction s of the electrode surface and assuming the bubble cycle time is greater than tl, the mass transfer coefficient during time t d --tl is given by kf, i and the average mass transfer coefficient during time tt by k~,i,a ---~1,': 1 k~dt 
The mass transfer coefficient averaged over one bubble cycle is given by
td From Equations 4, 6 and 7 it is found that
The total mass transfer coefficient for a gasevolving electrode under forced convection is
From Equations 8 and 9 it follows that
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and from Equations 1,2 and 9 that ki = kf, i -} DiadAdVg'b (11) lrkf,iVd
The first term of Equation 11 incorporates the mass transfer in forced convection and in the absence of gas bubble formation;the second term gives the contribution caused by detached bubbles.
Results

Parameters characterizing the behaviour of bubbles and efficiency of gas bubble formation
In order to characterize the bubble behaviour the following parameters have been determined from pictures of a certain region just above the top of the working electrode: radius of bubble i, Rd,i, average bubble radius, Rd, average bubble cross-section, Ad, average bubble volume, Va, and Sauter bubble radius, Rs, d = 3Vd/4A a.
The experimental details are given in a paper by Janssen and Barendrecht [9] . For oxygen bubbles the Sauter bubble radius determined using high speed cine photography is shown as a function of current density io at various bulk solution flow velocities in Fig. 1 . From high speed films also the volumetric rate Vg,b of gas bubble evolution has been determined.
From this rate and the theoretical one, namely, v ~ = nFigVM where VM is the volume of 1 tool of gas (V M = 24.4 x 10 -a m a mo1-1 at 298K), the efficiency of gas bubble evolution r?g = 100 Vg,b/V~ is calculated. In Fig. 1 rTg is presented as a function of current density io at various bulk solution flow velocities. The results of Fig. 1 are remarkable; only about one half of the oxygen formed is evolved in the form of bubbles and the rest is transported in the dissolved condition from the electrode surface.
For hydrogen bubbles the Sauter bubble radius is plotted as a function of current density iH for a bulk solution flow velocity of 0.12 m s -1 in Fig. 2 . This figure shows the efficiency of gas evolution as a function of current density iH at v s = 0.12 m s -~ . Taking into account the experimental inaccuracy, it is assumed that z/g is practically constant, namely, 75%, in the current density range from 0.05 to 1.0 kA m -2. From Figs. 1 and 2 it follows that r/g for hydrogen is clearly higher than r/g for oxygen. 
Mass transfer coefficient
The redox couple Fe(CN)~-/Fe(CN) 4-is very useful in determining the mass transfer coefficient kt for the hydrogen-evolving electrode at iH > ~-0 mAcm -2 as well as for the oxygen-evolving electrode at io > ~-10mA cm -2 [10] , since under these conditions the concentration of the indicator ion at the surface of the gas-evolving electrode is practically zero. The mass transfer coefficient k i of indicator ion i to a gas-evoMng electrode is calculated with the well known equation
where rn i is the rate of oxidation or reduction of indicator ions, Ae is the electrode surface area and ei is the concentration of the indicator ion in the bulk of the solution. In the calculation of ki, the average concentration of the indicator ion during the experiment was used.
The current for formation of oxygen or hydrogen i o or iR = i --il where i is the adjusted current density and i i is the current density for the oxidation or reduction of indicator ions. The current density i t = nFm i.
Oxygen-evolving electrode.
To determine the dependence of kgo on io, mass transfer experiments were carried out over a wide range of current density, from 0.1 to lOkA m -2. It was found that k~o = ke, fo +Po i~ for v s from 0.04 to 0.12 m s -1 and that ke,fo is higher than kf,~o, where k~, fo is the mass transfer coefficient for Fe(CN)~-at forced convection and in the absence of gas evolution. Moreover, Po decreases with increasing v s .
The mass transfer coefficient kfo is given in The mass transfer coefficient k~,fo with forced convection and in the absence of gas evolution was obtained from experiments by measuring the limiting current of Fe(CN)~-oxidation at a potential of 450 mV vs SCE and results are given in Fig. 3 . This figure shows that ke, to is larger than kf,fo. Fig. 4 shows the mass transfer coefficient kfi as a function of in for a hydrogen-evolving electrode in 1 M KOH as the supporting electrolyte, at 298 K and two different flow velocities. The mass transfer coefficient kf, fi was determined by measuring the limiting current at a working electrode potential of --0.5 V. From Fig. 4 it follows that the slight increase in kfi is proportional to in. Linear extrapolation of the straight lines of Fig. 4 gives ke, ft. 
Hydrogen-evolving electrode.
Discussion
It can be argued that the bubble size determined in this investigation is almost equal to that for the bubbles departing from the electrode surface. Obviously, coalescence of attached bubbles can affect the experimental results strongly. It was found that the average radii for oxygen as well as hydrogen detached bubbles are proportional to i~i 44 and ig.27, respectively.
The oxygen bubbles, formed by coalescence of bubbles which had adhered to the electrode surface, jumped perpendicularly from the electrode surface [4] . The density of rising oxygen bubbles in the solution near the electrode surface is relatively low, since no layer of free oxygen bubbles glides over the layer of attached oxygen bubbles [11] . At the hydrogen-evolving electrode bubbles glide over the layer of attached bubbles. It is well known, that in alkaline solution, hydrogen bubbles do not coalesce as easily as oxygen bubbles.
Efficiency of gas evolution
The efficiency of gas evolution is much greater for the hydrogen-evolving electrode than for the oxygen-evolving electrode ( Figs. 1 and 2) . The calculated efficiency of gas evolution given in [12] is very much less than the experimental results given in Fig. 2 . It is likely that the efficiency of gas evolution determined from pictures just above the top of the working electrode is higher than that for the working electrode because of gas absorption by bubbles rising in the supersaturated solution near the gas-evolving electrode. Because of the small height of the working electrode, 5.45 ram, it is likely that the difference in both efficiencies is negligible.
Mass transfer at a gas-evolving electrode
Gas bubble evolution at an electrode causes solution flow near the electrode surface. It is likely that the effect of the solution flow induced by bubbles is reduced with increasing forced convec-6 tion. Gas bubbles formed at an electrode block the current passage for a part of the electrode surface during their attachment and impede the mass transfer of indicator ions to the electrode 4-surface. After detachment, the space which had been occupied by the detached bubbles is filled by solution. The solution flow needed to fill the 2-space occupied by detached bubbles is considered as a solution flow, the velocity of which has no direct effect on the calculated rate of mass transfer.
o From the theoretical description of the convection-migration model it follows that the t 1/t d ratio is very important. To calculate td, the bubble density d has to be used. Unfortunately, this factor is unknown. For the sake of reliability it is assumed that tl < td at k < 3 k e. Consequently, Equation 11 is only used at relatively low values of k, namely k < 3 ke. From Fig. 1 Since V M = 24.5 x 10 -3 m 3 it follows that at 298K vg~215 m s -1 where io is given in kA m -2 . It has been found that for the oxygen-evolving electrode at v s = 0.06 and 0.12 m s -1 , ke,fo is slightly higher than kf, fo. This means that the effect of the hydrodynamic convection of solution which occurs at very 10w current densities, < 0.05 kA m -2, has to be taken into account. To verify the proposed model, ke, fo has to be used.
Oxygen-evolving electrode.
For an oxygen-evolving electrode the factor 
Hydrogen-evolving electrode.
For hydrogenevolving electrodes it has been found that ke, fi is clearly higher than ke, fi in the investigated range of solution flow velocities. This result can be explained by the formation of a curtain of rising bubbles near the electrode surface and by slipping bubbles attached to the electrode surface. Both phenomena cause a hydrodynamic flow of the solution enhancing the mass transfer near the electrode surface particularly in the range of very low current densities. To elucidate the contribution of the refreshment mechanism to mass transfer it is preferred to use k e rather than kf. In Fig. 6 the difference kfike,,i --k2e, fi is plotted versus DfiAdVg,b/nV d for a hydrogenevolving electrode at vs = 0.12 m s -1 , where Rs, a = 3Va/4A a (Fig. 2) , Vg,b =~gV ~ where r?~is given in Fig. 2 and vg at 298 K is 1.268 x 10 .4 in m s -1 where iH is given in kA m -2 . The slope of the straight line drawn in Fig. 6 is equal to ad, H = 0.14. This value ofad,~t is low and indicates the low effectiveness of the refreshment mechanism for the hydrogen-evolving electrode. If the hydrodynamic mechanism also contributes to the increment of the mass transfer coefficient at v s = 0.12 m s -1 , the factor ad,H has then to be smaller than 0.14. In this case, the effectiveness of the refreshment mechanism becomes still lower.
